INTRODUCTION
Cancer results from the accumulation of multiple mutations in key growth regulatory genes (1) . These genetic changes are a consequence of the inherent chemical instability of DNA under physiological conditions, errors made by the DNA replication and maintenance machinery, and replication of DNA bases that are chemically modified as a result of exposure to exogenous or endogenous genotoxins (2) (3) (4) (5) . Considerable evidence indicates that endogenous DNA damage contributes significantly to the causation of cancer (e.g., (6) ).
MDA 1 ( Fig. 1 ) is a potentially important contributor to DNA damage and mutation that is produced endogenously via lipid peroxidation and prostaglandin biosynthesis (7) . MDA is mutagenic in bacterial and mammalian cell assays and it is carcinogenic in rats (8) (9) (10) (11) (12) . In Salmonella typhimurium, MDA induces insertions and deletions as well as base substitutions (8, 13, 14) . Replication of MDA-modified singlestranded M13 genomes in Eschericia coli causes G→T, A→G and C→T mutations (15) .
These three types of mutations reflect the principle sites of DNA modification by MDA in vitro ( Fig. 1 ) (16) (17) (18) (19) . The most abundant MDA adduct (20, 21) , M 1 G, formed by Modification of pSP189 DNA. The pSP189 vector was amplified from a recA -strain of E. coli, AB2463 (Genetic Stock Center, Yale University, New Haven, CT). Plasmid DNA was purified from the bacteria by alkaline lysis followed by cesium chloride banding (27). Na + -MDA was synthesized as previously described and dissolved in 125 mM sodium phosphate buffer, pH 7.4. The concentration was determined spectroscopically (ε 267 = 34,200 M -1 cm -1 ) (28). Varying amounts of MDA were reacted with pSP189 DNA (0.5 mg/ml in 125 mM sodium phosphate buffer, pH 7.4) for 24 hr at 37°C. Then the DNA was purified from soluble MDA using Centricon 3 centrifugal concentrators (Amicon)
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washing with 10 volumes of water and concentrated by ethanol precipitation. A fraction of each pellet was examined by agarose gel electrophoresis to determine the extent of nicking caused by modification. BioRad Genepulser) and selected on Luria-Bertani broth agar plates containing ampicillin (50 mg/ml). Mutations in the supF reporter gene of pSP189 were screened for by the addition of 5-bromo-4-chloro-3-indolyl β-D-galactoside (X-gal, Gold Biotechnology, Inc.) (60 mg/liter) and isopropyl β-D-thiogalactoside (IPTG) (15 mg/liter) to the plates. The supF gene encodes a suppressor tRNA which permits bypass of an amber mutation in lacZ of the MBM7070 genome, thereby allowing expression of β-galactosidase.
Transformants with a wild-type copy of supF, in the presence of the inducer IPTG and substrate X-gal, produce blue colonies. Bacteria that receive a copy of pSP189 with a mutation in supF remain lacZ -and therefore, white. The mutation frequency is reported as the number of white colonies divided by the total number of colonies screened. Over 10 5 bacterial colonies, accumulated from three independent experiments, were screened for mutants for each concentration of MDA tested. annealed by heating at 90°C for 5 minutes followed by a slow cool to room temperature. 
Mutation assay in SOS-induced
The oligonucleotides were gel-purified, 32 P-end-labeled, and annealed to their complement as described above. The duplexes were reacted with MDA, BBA or mechlorethamine and examined by denaturing PAGE, also as described above. Four of the twelve spontaneous mutants sequenced contained a unique mutation within the 250 base pairs surrounding the 85 base pair supF coding sequence (Table I) .
These included 1 insertion, 1 deletion and 2 base substitutions. MDA induced predominantly insertions and deletions (63% of all mutations). Large deletions were most frequent (40% of all mutations), however, large insertions also were observed (16% of all mutations). Small insertions and deletions (≤ 2 base pair) were less common; the most frequent were two-base deletions (3%). Base substitutions comprised 37% of all induced MDA-induced mutations, the majority of which were at GC base pairs (92% of all substitutions). A similar number of transitions and transversions were observed.
Positioning of the MDA-induced base substitutions along the supF sequence (Fig.   3 ) demonstrated that the mutations were spread throughout the reporter gene. There was only one mutational hot spot (defined as >5% of observed mutations at a single base pair)
at position 36. This hot spot was unusual in that all three of the possible base substitutions were observed with approximately equal frequency. Position 36 does not correlate with a previously reported hot spot for spontaneous mutations in the supF gene (37, 38) but it is a hot spot for UV-(25) and ionizing radiation-induced mutations (39) .
Mutation frequency induced by MDA in NER-deficient fibroblasts. Doublestranded DNA containing M 1 G is a substrate for bacterial NER (24). Thus, we investigated the ability of MDA-modified pSP189 to induce mutations in human cell lines derived from a patient with xeroderma pigmentosum complementation group A (XP-A).
We anticipated that higher mutation frequencies would be observed in the NER-deficient cells compared to repair-competent cells. Contrary to expectations, replication of MDAmodified pSP189 resulted in a complete abrogation of mutagenesis (Fig. 2B ).
To rule out the possibility that this result was due to a difference between the cell lines other than their DNA repair capacity (e.g., tissue source or mechanism of immortalization), the assay was repeated using another set of wild-type and XP-Adeficient fibroblast lines that are both SV40-transformed (26). The same results were obtained, i.e., MDA was unable to induce an increase in mutation frequency above background levels in the absence of NER (data not shown). To rule out the possibility that this unexpected result was due to a highly genotoxic contaminant in the synthetic MDA, a structural analog of MDA, BBA (Fig. 1) , was also tested in the mutation assay.
BBA is synthesized by a different mechanism than MDA (33) thus it is unlikely to contain similar putative contaminations. BBA was approximately 8-fold more mutagenic than MDA (data not shown) consistent with its increased reactivity with DNA under neutral conditions (40) . Similar to MDA, however, BBA-induced mutagenesis was NERdependent.
In vitro assay to detect DNA ICLs. Since a mutation spectrum dominated by large rearrangements and the dependence of mutagenesis on functional NER are both consistent with a DNA ICL as a premutagenic lesion, we tested the ability of MDA to form such lesions in vitro. First, linear end-labeled pBR322 plasmid was reacted with MDA under conditions that mimicked the modification of pSP189 DNA. After 24 hr at 37°C, the DNA was heat-denatured and analyzed by agarose gel electrophoresis for the presence of non-denaturable double stranded DNA (Fig. 4A) . Unreacted DNA was completely denatured to single strands (Fig. 4A, lane 2) , whereas treatment of the plasmid with 25 mM MDA rendered ~10% of the sample non-denaturable (Fig. 4A, lane 4 Similarly, a duplex 32 P-end-labeled oligonucleotide was reacted with MDA in vitro under conditions identical to those used for plasmid modification. An 11 base pair, GCrich sequence was chosen in accord with the mutation spectrum of MDA in which there was a preponderance of mutations at GC base pairs. The reactions were loaded directly onto a denaturing PAGE gel for separation of single stranded and double stranded species.
Electrophoretic conditions were sufficient to completely denature the untreated duplex oligonucleotides (Fig. 4B, lane 1) . Melphalan (41) and mechlorethamine (42) were used as positive controls for the formation of DNA ICLs and yielded bands (1% and 7% of total label respectively) that were significantly retarded in the gel (Fig. 4B, lanes 5 & 6) . The presence of both DNA strands in the retarded bands was confirmed in separate incubations in which one strand or the other was labeled with 32 P before annealing and modification (data not shown). Reaction of the duplex with N-AAAF resulted in several bands that migrated similarly to the 12-14 base oligonucleotide standards (Fig. 4b, lane 2) .
N-AAAF produces large, hydrophobic adducts but does not crosslink DNA (43) and was used to characterize the migration pattern of labeled strands that were adducted but not crosslinked to their complementary strands. Reaction of the duplex oligonucleotide with MDA resulted in a band that comigrated in denaturing PAGE with the ICLs (Fig. 4B, lane 3). Reacting the duplex with BBA resulted in a similar band, albeit in greater yield (0.8% of the total label vs. 0.05% for MDA). In addition, the BBA reaction caused a broadening of the band corresponding to the single-stranded labeled oligonucleotide, consistent with monoadduction ( Fig. 4b, lane 4) .
Analysis of the Base Specificity of a BBA-DNA ICL.
In order to identify the DNA bases that are likely to comprise an MDA-induced DNA ICL, a series of radiolabeled, duplex oligonucleotides with different sequences was reacted with MDA or BBA and analyzed by dPAGE. In selecting the sequences to be tested, the assumption was made that an MDA crosslink, of only 3 carbons, could not span a distance greater than that between adjacent base pairs of duplex DNA. Given two adjacent base pairs, three possible adduction sites (at G, C or A) and two structural orientations (3'→'5' and 5'→3' (44)), 12 potential crosslink substrates were tested via a series of ten 18-base pair duplex oligonucleotides (see Materials and Methods). These potential sites were centered in AT-rich sequences to minimize alternative modification sites. Reaction of the duplexes with MDA did not result in a detectable shift in electrophoretic mobility (data not shown). Two of the substrates reacted with BBA yielded a product that comigrated with the mechlorethamine-induced crosslink (Fig. 4C) . The major band was seen for duplexes containing the unique target sequence 5'-d(TCG). This was the only duplex that contained two deoxyguanosine residues in adjacent base pairs but on opposite strands (i.e., 3'→'5' orientation). All other potential target sequences within this duplex were included in other duplexes that yielded no cross-linked product. Thus, the major BBAinduced crosslink is inferred to occur between two deoxyguanosine residues on the opposite strands of the sequence 5'-d(CG). A significantly less abundant product was observed for the duplex 5'-d(ATTAATTAGATTAATTAT), which most likely corresponds to a C→A crosslink.
DISCUSSION
Exposure of double stranded DNA to the endogenous electrophile MDA led to covalent modification of the DNA and elevated levels of mutations when the DNA was replicated in mammalian cells (Fig. 2) . These data provide the first evidence that MDA-DNA lesions are mutagenic in human cells. The maximum increase in mutation frequency observed after MDA-treatment was 15-fold above background levels. This level of increase is comparable to the mutation frequencies induced by UV light and by another endogenous genotoxin, nitric oxide (37,45).
Since MDA is an endogenous product, physiological conditions were used when MDA was reacted with DNA in order to approximate the endogenous spectrum of lesions. Reactions were carried out at 37°C and pH 7.4 in sodium phosphate buffer. One Fig. 2A) .
These levels are comparable to endogenous levels of M 1 G (22,23) . Thus, concentrations of MDA required to achieve endogenous levels of MDA adducts, cause a significant increase in mutation frequency when modified DNA is replicated in human cells.
Greater than 90% of the MDA-induced base pair substitutions occurred at GC base pairs (Table I) , consistent with premutagenic lesions being guanine and/or cytidine adducts. A cytidine adduct, M 1 C, is formed by the reaction of MDA with the nucleoside (19) . However, the yields are so low that M 1 C is not detectable in MDA-modified double stranded DNA (49), making it unlikely that this adduct contributes substantially to the mutation spectrum of MDA-modified pSP189. The MDA-guanine adduct, M 1 G, detected in our modified plasmid, causes G→T transversions and G→A transitions when replicated in E. coli (24), which is consistent with the base pair substitutions observed in our assay. However, for several reasons, it appears unlikely that M 1 G is the major MDA-induced premutagenic lesion in human cells.
First, the predominant type of mutation induced by MDA was large insertions and deletions, which are not detected in site-specific mutagenesis experiments with the M 1 G adduct (23) . Second, the levels of the M 1 G adduct increased linearly with increasing concentrations of MDA ( Fig. 2A) but the mutation frequency plateaued at the highest concentrations of MDA tested (Fig. 2B) . If M 1 G was the predominant premutagenic lesion, one would expect both curves to have similar slopes. Third, MDA-induced mutagenesis in human cells required NER (Fig. 2B) as was previously reported in Salmonella typhimurium (8) and E. coli (10) . In contrast, M 1 G is a substrate of NER and its mutagenic potential increases in NER-defective cells (24).
An MDA-induced premutagenic lesion that is consistent with the above findings is a DNA ICL. Drugs that cross-link DNA induce large insertions and deletions in the pSP189 mutation assay, similar to MDA (41, 50) . ICLs may also explain why the mutation frequency leveled off at higher concentrations of MDA. ICLs are extremely toxic lesions because they block DNA and RNA polymerization. Any plasmid that retains an unrepaired ICL is not replicated, so it is lost to detection in this assay. Finally, ICL-induced mutagenesis is reported to be NER-dependent in plasmid-based assays (51) (52) (53) .
Repair of ICLs necessitates excision of the lesion from both strands of the DNA likely via an obligatory double strand break intermediate (54) . Subsequently, the double strand break is repaired by homologous recombination. In a plasmid-based assay, mutations are scored in an epichromosomal vector containing prokaryotic sequences, thus it is unclear if undamaged homologous DNA is available to complete the repair process.
Therefore in the presence, but not the absence of NER, ICLs might be partly excised or converted to a double strand break. These intermediates of repair would then be mutagenic, yielding deletions with high frequency. In the absence of NER, cross-links persist, block replication of the plasmid and thereby render the plasmid undetectable in this assay.
MDA-induced DNA-ICLs are known to exist although they were reported to be formed only at acidic pH (55). We were able to detect DNA ICLs in MDA-modified plasmid and short duplex oligonucleotides under reaction conditions identical to those used for the mutation assay ( Fig. 4A and B) . Cross-links were detected at neutral pH only if the modification reaction was done in the absence of additional primary amines, which are known to compete for reaction with MDA (27). This likely explains inconsistencies with prior results (28).
We sought to identify the favored sequence for an MDA-induced DNA ICL. We were unable to detect cross-linked product if MDA was reacted with long oligonucleotide duplexes that contain residues with primary amines only at central positions (data not shown). This is most likely due to a low yield since DNA ICLs form preferentially near the ends of duplex DNA (56) . Reaction of the same duplexes with the highly reactive structural analog of MDA, BBA, did result in cross-linking ( One apparent conundrum remains -the M 1 G adduct, if situated in single-stranded DNA, is mutagenic when replicated in bacteria (23) . Furthermore, the adduct is a substrate for NER. Yet, we observed no increase in mutation frequency when pSP189 containing M 1 G was replicated in NER-deficient human cells. One possible explanation is that M 1 G is chemically unstable in duplex DNA, opening readily to a ring-opened form, which is more easily bypassed by polymerases in vitro and is less mutagenic in vivo (61) . Alternatively, it could be that M 1 G is a substrate for NER and a second, more efficient DNA repair mechanism in human cells. In that case, in the absence of NER, M 1 G is efficiently recognized and repaired but in the presence of NER the two pathways compete. Indeed, M 1 G is recognized and repaired by the mismatch repair pathway in bacteria (62) .
However, the most probable explanation is that the shuttle vector mutation assay was not sensitive enough to detect the contribution of M 1 G to the mutation frequency.
At the highest concentration of MDA tested, the level of M 1 G was less than 0. 
a percent of all MDA-induced mutations b where complete sequences were not obtained, the presence of large insertions and deletions was inferred from the mobility of the linearized vector DNA on agarose gel compared to linearized wt pSP189. Fig. 1 . Structures of the most abundant adducts formed by reaction of MDA with DNA.
FIGURE LEGENDS
Reaction of DNA with the non-physiological structural analog of MDA, BBA, yields the same adducts, in the same proportion, albeit in greater yield (40) . 
